Introduction
Soil contamination with toxic metals and metalloids, resulting in worsening of yield quality and quantity, has become a world-wide problem. Arsenic (As), one of these toxic pollutants, is ubiquitously encountered in the environment due to its release in substantial amount as a consequence of geological activities and/or anthropogenic impacts such as mining, burning fossil fuels, use of fertilizers and agrochemicals, and disposal of municipal and industrial wastes [1, 2] . Similarly, cadmium (Cd) input into soils by industrial activities and agricultural practices is of great concern, because Cd is readily taken up by plants and is highly toxic in comparison with other risk elements [3] . Finally, although not widespread in the world's soils, zinc (Zn) toxicity is also an important problem, occurring particularly on mine spoils and mine-contaminated and sludge-treated soils [4] [5] [6] . When present at high concentrations, Zn can be toxic, and plants affected may show symptoms similar to those found in other risk element toxicities, such as those of Cd or Pb [7] . All these three toxic elements i.e. As, Cd and Zn are relatively easily taken up by plant roots [8, 9] .
Metal pollutants have deleterious effects on various photosynthetic processes. They can cause decrease in biosynthesis of chlorophyll [10] , inhibition of various sites of photosystem II (PSII) reaction centres [11] [12] [13] with consequent enhancement of photoinhibition [13, 14] , and increase of nonphotochemical dissipation of light energy and/or decrease of photochemical efficiency [15] . In addition, photosynthetic CO 2 fixation is significantly affected by risk elements in a number of plant species [16, 17] . An excess of risk elements can stimulate the formation of reactive oxygen species [18, 19] and oxidative stress caused by exposure to risk elements has been reported many times [20] .
The xanthophyll cycle is one of the most important photoprotective processes in higher plants. This cycle involves the light-dependent and reversible conversion of violaxanthin to zeaxanthin with an intermediate product, antheraxanthin [21] . The reports regarding the effects of Cd on the amount of all xanthophyll cycle pigments are rather scarce and the results in different plant species are often contradictory. For example, a significant increase in the amount of the pigments was observed in Cd-treated duckweed plants [22] . On the other hand, no changes in the amount of pigments have been observed in Cd-treated apricot leaves [23] . In leaves of Cd-treated tomato, no changes were observed after high light illumination while significant decrease of violaxanthin and significant increase of both antheraxanthin and zeaxanthin occurred after the following 24 h of darkness [23] . Zn induced a large increase of all xanthophyll cycle pigments in duckweed plants [22] and increased de-epoxidation of violaxanthin cycle pigments in sugar beet plants [7] .
Plants with introduced SAG12:ipt gene construct have significantly longer life-span compared to wild plants because at the onset of their leaf senescence the promoter is activated and cytokinin level is increased due to high isopenthenyl transferase (ipt) expression [24] . The detailed investigation of these plants is highly important because they seem to be more resistant against flooding, heat, drought and risk elements comparing to non-transformed plants [25] [26] [27] [28] [29] . The knowledge of their response to toxic metals and metalloids can be used alternatively in searching for new possibilities in phytoremediation. Therefore, we compared the influence of risk elements on contents of xanthophyll cycle pigments, lutein, and neoxanthin in non-transgenic plants and in plants with introduced SAG12:ipt gene construct.
Experimental Procedures
We used tobacco (Nicotiana tabacum L., cv. Wisconsin 38) transformed with a construct consisting of SAG12 promoter fused with ipt gene for cytokinin synthesis (SAG plants). The seeds of these plants were a gift of Professor Amasino, University of Wisconsin, USA. As a control we used its wild type (WT plants). After 30 days of in vitro precultivation, plants were cultivated for 70 days in soil from the site Kutná Hora (49˚ 57ˈ N, 15˚ 16ˈ E) polluted due to medieval silver mining (Luvisols, cation exchange capacity (CEC) 148±18 mmol kg -1 , total organic carbon (TOC) 1.0%, pH 7.0.) and in non-polluted soil (Chernozem, CEC=258 mmol kg -1 , TOC 1.8%, pH 7.2) from the non-polluted site Prague-Suchdol (50˚ 05ˈ N, 15˚ 25ˈ E), both in Central Bohemia, Czech Republic. The mobile (i.e. extractable with 0.11 M L -1 CH 3 COOH) contents of As, Cd, and Zn in both soil types are shown in Table 1 .
Plants were grown after in vitro precultivation in pots in a greenhouse under 25/18ºC day/night and 60% relative humidity. Plants were irrigated by distilled water and two times a week by the Hewitt nutrient solution
. Leaves were divided into three groups according to their position on a plant: bottom (1 st and 2 nd leaf), middle (3  rd and  4 th leaf) and top (5 th and 6 th leaf) and we compared these three groups of similar sized completely matured leaves. For the pigment analysis, leaves were sampled between 8-9 am (2-3 hours after the beginning of the "day period").
The mobile portions of elements in soils were determined by extraction with eith 0.11 M L -1 solution of CH 3 COOH at a ratio of 1:20 (w/v) for 16 hours [31] . Each extraction was provided in three replicates. For the centrifugation of the extracts, a Hettich Universal 30 RF (Germany) device was used. Following extraction, samples were centrifuged at 3000 rpm for 10 minutes and the supernatants stored at 6°C prior to measurement. As, Cd, and Zn concentrations were determined by ICP-OES (Varian, VistaPro, Australia). Element contents in aboveground biomass and plant roots were determined for 500 mg of plant material. Concentrated nitric acid (8.0 ml) (Analytika Ltd., Czech Republic) and 30% H 2 O 2 (2.0 ml) (Analytika Ltd., Czech Republic) were added. The mixture was heated in an Ethos 1 (MLS GmbH, Germany) microwave assisted wet digestion system for 30 min at 220°C. After cooling, the digest was quantitatively transferred into a 20 ml glass tube filled with deionized water. As, Cd, and Zn concentrations in the digests were determined by ICP-OES (Varian, VistaPro, Australia). Each measurement was assayed in triplicate.
Membrane stability index (MSI) was estimated according to Tripathy et al. (32) : 0.1 g of leaves was taken into 10 ml of double distilled water. The samples were incubated at 8°C for 24 hours in the dark. Then electrical conductivity (C1) was recorded (Conductivity meter 4520, Jenway, Essex, UK). Subsequently the same samples were placed in a boiling water bath for 20 min and their electrical conductivity was also recorded (C2). The MSI was calculated as:
(MSI) = [1 -(C1/ C2)] × 100 Photosynthetic pigment contents were established by HPLC (ECOM, s.r.o., Prague, Czech Republic) from acetone extracts using a reversed phase column Sepharon SGX C18 5 μm particle size, 250 x 3 mm (Tessek, Prague, Czech Republic). The solvent system was acetonitrile/methanol/water (80:12:6, v/v/v) followed by methanol/ethyl acetate (95:5); the gradient run was 25 min, flow rate 1 cm min -1 , and detection wavelength 445 nm [29] . Data were captured and calculated by PC-software Clarity (DataApex, Prague, Czech Republic). Chlorophyll fluorescence parameters from slow kinetics were measured after a 15 min dark period with the PAM Chl fluorometer (Walz, Effeltrich, Germany) on the adaxial side of fresh leaves as described by Procházková et al. [30] , using the DA 100 data acquisition system (Walz, Effeltrich, Germany) for sampling and calculation.
Statistical significance of differences was evaluated with analysis of variance (2-way ANOVA, Duncan´s multiple range test with the probability level of 0.05) using NCC 6.0 jr. programme (NCSS, Kaysville, USA). All results are based on two independent biological repetitions.
Results
Among the plants grown in the polluted soil, the As, Cd and Zn levels increased significantly in all WT and SAG plant leaf levels ( Figure 1A , B, C).
Membrane stability index was non-significantly lower in plants cultivated in polluted soil (2A). SAG plants grown in non-polluted soil had higher chlorophyll content in all leaf levels compared to WT plants ( Figure 2B ). In top leaves, neither WT nor SAG plants differed to their respective leaves from non-polluted soil. In middle and bottom leaves, WT plants from polluted soil showed lower chlorophyll content compared to the respective leaves from non-polluted soil.
Both WT and SAG plants grown in polluted soil showed a decrease in F v /F m ratio in the top leaves. On the other hand, the middle and bottom leaves showed an increase ( Figure 3A) . Effective quantum yield of photochemical energy conversion in PSII was the lowest in the top leaves of WT and SAG plants, and it increased proportionally in middle and bottom leaves ( Figure 3B) . Similarly, values of photochemical quenching increased in bottom leaves of both WT and SAG plants ( Figure 3C ). In WT plants grown in the polluted soil, when compared to WT plants from non-polluted soil, risk elements increased content of violaxanthin (109% in bottom, 120% in middle and 115% in top leaves) ( Figure 4A ), antheraxanthin (152% in bottom, 145% in middle and 146% in top leaves) ( Figure 4B ) and zeaxanthin (135% in bottom, 128% in middle and 114% in top leaves) ( Figure 4C ). Total content of pigments of the xanthophyll cycle (violaxanthin + antheraxanthin + zeaxanthin) was significantly increased in plants from polluted soil (116% in bottom, 123% in middle and top leaves) (4D). In SAG plants, risk elements caused an increase in violaxanthin content (108% in bottom, 116% in middle and 123% in top leaves) ( Figure 4A ). In the case of antheraxanthin, its content increased in bottom leaves (109%) but decreased in middle (86%) and top (96%) leaves ( Figure 4B ). Zeaxanthin content increased for all leaf positions (119% in bottom, 102% in middle and 114% in top leaves) ( Figure 4C ). Total content of pigments of the xanthophyll cycle was increased by risk elements (114% in bottom, 115% in middle and 119% in top leaves) (4D).
Lutein content ( Figure 5A ) decreased in bottom leaves of plants grown in the polluted soil both in WT and SAG plants (84% and 97%, respectively). In WT plants this content decreased also in middle leaves (90%), and remained unchanged in top leaves. In SAG plants, the lutein content also decreased in bottom leaves (97%), but in middle and top leaves slightly increased (105% and 108%, respectively). Neoxanthin ( Figure 5B ) content increased (104% in bottom, 103% in middle and 109% in top leaves) in WT plants, in SAG plants neoxanthin content non-significantly decreased in bottom leaves (99%), in middle and top leaves the increase was very similar to WT plants (104% in middle and 112% in top leaves). 
Discussion
Although the contents of risk elements increased especially in bottom leaves, these contents were not lethal as we can see on MSI and on chlorophyll fluorescence parameters. The fluorescence parameter F v /F m has been frequently used as an indicator of the photoinhibition or other kind of injury caused to the PSII complex [33] . The deterioration in F v /F m ratio in the top leaves of plants grown in the polluted soil with improvement in the middle and bottom leaves indicates that top leaves were more sensitive to photoinhibition caused by risk elements. Surprisingly, young SAG leaves were more sensitive compared to the young leaves of WT. The discrepancy between low F v /F m ratio and relatively high chlorophyll content in top leaves clearly indicates that chlorophyll degradation did not take place and that risk elements disturbed PSII complex in SAG leaves. Plants showed acclimation to risk elements in bottom leaves. This trend was also confirmed by higher photochemical quenching and by higher yield in bottom leaves of both WT and SAG plants. Higher F v /F m ratio and higher chlorophyll content in bottom SAG leaves indicate that these transgenic plants are able to postpone the senescence onset under increased concentrations of As, Cd and Zn.
Increased levels of risk elements seem to stimulate particularly the first (violaxanthin to antheraxanthin) and second (antheraxanthin to zeaxanthin) steps of violaxanthin de-epoxidation in WT plants, which means that content of antheraxanthin and zeaxanthin were higher in WT plants compared to SAG plants. It has been proposed that zeaxanthin scavenges singlet oxygen and that it performs a protective function by stabilizing thylakoid membranes and protecting membrane lipids from peroxidative damage [34] [35] [36] [37] [38] . In SAG plants, risk elements caused mostly an increase in the content of the initial compound of the xanthophyll cycleviolaxanthin. However, total content of pigments of the xanthophyll cycle showed similar trend both in WT and in SAG plants and risk elements increased their content both in WT and SAG plants.
Interestingly, while lutein content decreased in middle and bottom leaves of WT plants grown in polluted soil, this content increased (in top and middle leaves) or remained unchanged (in bottom leaves) in SAG plants. Lutein is the most abundant carotenoid in the chloroplast and often accounts for > 50% of the total carotenoid pool. Its most important function is energy harvest from light and transfer to chlorophyll. Increased content in middle and top leaves of polluted SAG plants may mean higher energy needs for photosynthesis.
It has also a direct role in nonphotochemical quenching through thermal dissipation [39] and it has been described that the xanthophyll cycle involving lutein operates together with the violaxanthin cycle [40] [41] [42] [43] [44] . It seems that SAG plants from polluted soil mitigated damage to their top leaves by higher utilization of lutein.
Neoxanthin plays a specific role in the protection of PSII from photoinactivation and its action is effective against the damaging effect of reactive oxygen species, particularly superoxide anion [45] . In SAG plants grown in polluted soil, neoxanthin content was very similar to that of lutein: the content increased (top leaves) or remained unchanged (middle and bottom leaves).
In conclusion, SAG plants showed slightly better tolerance to risk elements only in the oldest leaves. These plants were able to postpone the senescence onset even under the treatment of risk elements. Both plant types differ in their low molecular antioxidant protection.
